Higher plasma urate concentration has been linked to lower risk of Parkinson's disease in men, but data are lacking on women and African Americans. The authors examined plasma urate in relation to Parkinson's disease in the biracial, population-based Atherosclerosis Risk in Communities (ARIC) cohort. Between 1987 and 1989, 15,792 participants, aged 45-64 years, were recruited from 4 US communities and have since been followed with 3 triennial visits and annual surveillance. Plasma urate was measured at visits 1 and 2, and the concentrations were highly correlated. From visit 1 through 2004, 95 potential cases of Parkinson's disease were identified from multiple sources. Odds ratios and 95% confidence intervals were calculated from multivariate logistic regression models. Plasma urate concentration was inversely associated with Parkinson's disease occurrence. The odds ratios between extreme quartiles of plasma urate were 0.4 (95% confidence interval: 0.2, 0.8) in the overall analysis, 0.3 (95% confidence interval: 0.1, 0.7) for men, and 0.4 (95% confidence interval: 0.2, 1.0) for Caucasians. Such an association was also suggested among women and African Americans but was not statistically significant because of small sample sizes. These data support the previous finding that urate may be a protective factor against Parkinson's disease. Accumulating evidence supports that oxidative stress contributes to loss of dopaminergic neurons in the substantia nigra of Parkinson's disease patients (1). Uric acid is a potent endogenous antioxidant that effectively scavenges reactive nitrogen and oxygen radicals and has thus been hypothesized to protect against neurodegeneration in Parkinson's disease (2-4). Recent results from 3 prospective cohorts seem to support this hypothesis (5-7). The Honolulu Asian Aging Study first reported that higher plasma urate concentration measured at midlife was associated with lower Parkinson's disease risk decades later among JapaneseAmerican men (5). Similar observations were then reported by the Health Professionals Follow-up Study (6) and the Rotterdam study (7). While these studies showed promising evidence for men, they provided little data on women. The first 2 studies included men only (5, 6), and the third had a total of 68 cases and presented no sex-specific results (7). Furthermore, none of the previous studies included African Americans, who, on average, have higher levels of plasma urate than do Caucasians (8). In the current study, we examined the relation between plasma urate and risk of Parkinson's disease in the Atherosclerosis Risk in Communities (ARIC) Study, a biracial cohort followed prospectively for approximately 20 years comprising 55% women and 27% African Americans.
Accumulating evidence supports that oxidative stress contributes to loss of dopaminergic neurons in the substantia nigra of Parkinson's disease patients (1) . Uric acid is a potent endogenous antioxidant that effectively scavenges reactive nitrogen and oxygen radicals and has thus been hypothesized to protect against neurodegeneration in Parkinson's disease (2) (3) (4) . Recent results from 3 prospective cohorts seem to support this hypothesis (5) (6) (7) . The Honolulu Asian Aging Study first reported that higher plasma urate concentration measured at midlife was associated with lower Parkinson's disease risk decades later among JapaneseAmerican men (5) . Similar observations were then reported by the Health Professionals Follow-up Study (6) and the Rotterdam study (7) . While these studies showed promising evidence for men, they provided little data on women. The first 2 studies included men only (5, 6) , and the third had a total of 68 cases and presented no sex-specific results (7) . Furthermore, none of the previous studies included African Americans, who, on average, have higher levels of plasma urate than do Caucasians (8) . In the current study, we examined the relation between plasma urate and risk of Parkinson's disease in the Atherosclerosis Risk in Communities (ARIC) Study, a biracial cohort followed prospectively for approximately 20 years comprising 55% women and 27% African Americans.
MATERIALS AND METHODS

Study population
Details of the ARIC cohort design and objectives have been published previously (9) . Briefly, this ongoing, multicenter, longitudinal study includes over 20 years of followup. ARIC was designed to examine cardiovascular risk factors in 4 US communities: Forsyth County, North Carolina; Jackson, Mississippi; Washington County, Maryland; and the northwest suburbs of Minneapolis, Minnesota (9) . Between 1987 and 1989, the study recruited 15,792 participants aged 45-64 years via probability list or area sampling. At baseline, all enrollees who provided consent participated in a comprehensive in-home interview on personal characteristics and history, lifestyle, and diet using a food frequency questionnaire. Participants were also invited to a clinical examination focusing mostly on cardiovascular diseases and provided a blood sample.
After baseline, participants received 3 additional clinical examinations approximately every 3 years, with the most recent in 1996-1998. At each study visit, participants were asked to bring the bottles of all medications they had taken during the past 2 weeks, and the medications were later electronically coded. At visit 4, all participants were asked whether they had ever been diagnosed with Parkinson's disease and, if yes, the year of diagnosis. In addition to triennial visits, the study has contacted participants annually by telephone and has set up a comprehensive community surveillance network involving all area hospitals. By doing so, all hospitalizations during follow-up were identified with discharge diagnoses recorded according to the International Classification of Diseases (ICD; the Ninth Revision was used during early follow-up, and the Tenth Revision was used later). Finally, deaths during follow-up were identified via an annual search of the National Death Index, and causes of death were recorded and ICD coded. To remove potential prevalent cases from the analysis, we excluded 15 cases who used anti-Parkinson medication at visit 1 or self-reported a date of diagnosis before visit 1, or were hospitalized because of or died from Parkinson's disease before 1990. After further excluding participants whose race was other than Caucasian or African American and who had missing values on urate and potential confounders, a total of 15,036 participants were included in the primary analysis.
The ARIC Study was approved by the institutional review boards of all study sites, and informed consent was obtained from all study participants. This particular analysis was approved by the Human Subjects Committee of the National Institute of Environmental Health Sciences. Individuals who used drugs that could induce parkinsonism, such as neuroleptics or lithium, were excluded (n ¼ 41). Furthermore, we excluded 20 individuals who used only amantadine and/or anticholinergic drugs without additional supporting evidence of Parkinson's disease. Finally, 112 participants were considered potential Parkinson's disease cases, and information on confounders was missing for 2 of them. As explained earlier, 15 additional cases were likely prevalent cases at baseline, leaving 95 cases in the primary analysis. Inclusion of these 15 cases in the analyses did not materially change the results (data not shown).
Measurement of plasma urate and potential confounders
Fasting blood was collected at visits 1 and 2 from all eligible participants. Details on blood collection, handling, and storage have been published previously (10, 11) . Briefly, specimens were drawn into vacuum tubes containing a serum separator gel (for glucose and chemistries), sodium citrate (for hemostatic factors), or ethylenediaminetetraacetic acid (for lipids). The tubes of blood for glucose and chemistries were allowed to clot for 30-45 minutes, centrifuged at 3,000 3 g for 10 minutes at 4°C, and then quickly frozen at À70°C until analysis within a few weeks (10, 11) . Plasma urate was measured by using the uricase method at the central laboratories of the ARIC Study. The reliability coefficient of the urate assay was 0.91 as evaluated among 40 participants with repeated measurements at least 1 week apart, and the within-person variability was 7.2% (12) . Plasma level of creatinine was also measured as part of the standard laboratory assay (12) .
Information on potential confounders was obtained from a baseline in-home interview, including basic demographics, smoking status, and consumption of caffeinated coffee and alcohol. Body weight was measured to the nearest pound (1 pound ¼ 0.45 kg), and height was measured to the nearest centimeter. Body mass index was computed as weight (kilograms) divided by height (meters) squared.
Data analysis
Participants were categorized by baseline (visit 1) plasma urate concentration into quartiles for the primary analysis. We used unconditional logistic regression models to derive odds ratios and 95% confidence intervals, adjusting for baseline age (years), sex, race (Caucasian vs. African American), smoking (never, past, current), caffeine intake (continuous), body mass index (continuous), alcohol intake (continuous), and plasma creatinine (continuous). Statistical significance for linear trend was tested by including the median of each urate quartile as a continuous variable in the regression model. To further minimize the potential impact of prevalent or imminent cases on the analysis, the primary analysis was repeated by excluding 19 cases using antiparkinson medication before visit 2, having a self-reported date of diagnosis before 1995, or having been hospitalized because of or died from Parkinson's disease before 1995. Stratified analyses were further conducted according to baseline age (<55 vs. !55 years), sex (men vs. women), race (Caucasian vs. African American), and smoking status (never vs. ever). Partial Pearson correlation coefficients between urate levels at visits 1 and 2 were calculated separately for cases and controls, adjusting for age, sex, race, alcohol intake, body mass index, and plasma creatinine. We also used linear regression models to evaluate whether having Parkinson's disease was associated with change in plasma urate from visit 1 to visit 2, adjusting for potential confounders. All statistical analyses were performed by using SAS software (version 9.1; SAS Institute, Inc., Cary, North Carolina). Statistical tests were considered significant with a 2-sided P < 0.05.
RESULTS
A total of 95 potential Parkinson's disease patients were included in the primary analyses. As expected, smoking and caffeine intake were each associated with a lower risk of Parkinson's disease: after adjusting for age, sex, and race, the odds ratio for current smokers compared with never smokers was 0.6 (95% confidence interval: 0.3, 1.0) and the odds ratio comparing the highest versus lowest quartiles of caffeine intake was 0.4 (95% confidence interval: 0.2, 0.7).
Population characteristics according to urate quartiles at visit 1 are presented in Table 1 . Individuals with higher plasma urate concentrations were more likely to be older, men, African American, and past smokers but less likely to be current smokers. As expected, they also had a higher body mass index, higher alcohol consumption, and higher plasma creatinine. Caffeine intake was similar across urate quartiles with the exception of the highest quartile.
Higher plasma urate concentration at visit 1 was associated with lower occurrence of Parkinson's disease (Figure 1 ). After we adjusted for age and other potential confounders, compared with individuals whose plasma urate was in the lowest quartile, those in the highest quartile had approximately a 60% lower risk (P for trend ¼ 0.03). The odds ratio estimates were essentially unchanged after excluding cases identified during the early years of follow-up, but the linear trend was attenuated and became nonsignificant because of the reduced number of cases (odds ratio ¼ 0.5, 95% confidence interval: 0.2, 1.1; P for trend ¼ 0.1). Stratified analysis showed similar results by age, sex, race, and smoking status ( Table 2) . Although the trend test was not statistically significant because of small sample sizes, an inverse association between urate and Parkinson's disease was suggested for women and African Americans, as was shown for men and Caucasians.
Because of aging of the study participants, urate level increased from visit 1 to visit 2 in those with (6.01-6.52 mg/dL) and without (6.04-6.48 mg/dL) Parkinson's disease. The partial correlation coefficient of plasma urate between visit 1 and visit 2 was 0.56 for Parkinson's disease cases and 0.68 for individuals without Parkinson's disease. Parkinson's disease status was not related to change in urate over a 3-year period between visits 1 and 2 (P ¼ 0.7).
DISCUSSION
In this community-based, biracial cohort, we found that higher plasma urate concentration was associated with lower occurrence of Parkinson's disease. This association was evident among men and Caucasians but was also suggested for women and African Americans. All study participants were 45-64 years of age at study visit 1 and have been followed for nearly 20 years. Because study participants were all younger than 65 years of age at baseline and we excluded possible prevalent cases from the primary analysis, most cases of Parkinson's disease in this analysis were likely incident. Further excluding cases identified during the early years of follow-up did not change the results. Finally, Parkinson's disease status was not related to change in urate levels from visit 1 to visit 2, suggesting that reverse causality is less likely to explain the observed urateParkinson's disease relation.
Results of this study are in line with those from previous cohorts of mostly male participants, where an association between higher urate level and lower Parkinson's disease risk was consistently reported (5-7). Only the Rotterdam study included female participants, and the authors reported no difference by sex but did not provide any details (7) . Recent analyses of 2 clinical trials among Parkinson's disease patients that were initially designed to investigate other potential neuroprotective agents showed that higher levels of serum or cerebrospinal fluid urate were associated with slower Parkinson's disease progression in men (13, 14) ; for women, however, the association was not as evident. A sex difference was also observed in the analysis of the General Practice Research Database, in which gout or the use of gout medication was associated with a lower Parkinson's disease risk for men but not for women (15) . Although these results are informative, they could not be directly extrapolated to urate and Parkinson's disease development. It is well known that by the time of Parkinson's disease diagnosis, a majority of the dopaminergic neurons have already died. In the case of gout, only a small portion of individuals with high plasma urate concentrations develop gout, and gout risk is much lower for women (16) ; therefore, a null association regarding gout and Parkinson's disease might not necessarily mean that urate is not related to Parkinson's disease in women. The current analysis, albeit limited by sample size, suggests that the finding on plasma urate and risk of developing Parkinson's disease may be generalizable to women and African Americans.
Prospective data on biomarkers and Parkinson's disease risk are rare (5-7, 17, 18) because such research requires following tens of thousands of biospecimen donors for a long period. This is particularly true for women, who have a lower incidence of Parkinson's disease than men do. Compared with previous studies, the current study included more female Parkinson's disease cases and, also for the first known time, included African Americans. In addition, unlike previous studies, this study measured plasma urate for every eligible cohort participant twice 3 years apart. Although repeated measures over a longer period of time are desirable, the current analysis showed that Parkinson's disease status was not related to change in plasma urate level. Finally, although the possibility of residual confounding cannot be excluded, known risk factors for Parkinson's disease were adjusted throughout the analyses. The consistency of a urate-Parkinson's disease relation across all available studies suggests that this association is unlikely due to chance. Even though none of the studies could exclude the possibility that the association was caused by unknown common genetic or environmental factors that underlie both urate and Parkinson's disease, the hypothesis that urate protects against Parkinson's disease development and progression should be carefully evaluated. Unlike other mammals, humans and apes have high levels of plasma urate as a result of mutations of uricase occurring millions of years ago (4) . The fact that plasma urate increases with age may be advantageous to human aging because urate is a potent scavenger of iron and free radicals, particularly against peroxynitrite, which kills dopaminergic neurons via oxidative stress (4, 19) . While epidemiologic data have been consistently supportive of a potential benefit of urate on Parkinson's disease, to our knowledge this issue has received little attention in experimental research. An earlier study found that urate protected dopaminergic neurons from the toxicity of iron and rotenone in mice (20) ; however, this study was not designed to evaluate the role of urate in animal parkinsonism. An alternative explanation for the current epidemiologic findings is that one or more urate precursors such as adenosine or inosine, rather than urate itself, modulate dopaminergic neuron survival. Each of these possibilities should be evaluated in future investigations, and, if urate or its precursors are etiologically linked to Parkinson's disease, the potential mechanisms should be elucidated.
The major limitations of this study include the lack of a systematic strategy to identify and validate Parkinson's disease diagnosis and the lack of information on date of diagnosis and onset. In the current study, Parkinson's disease cases were identified from multiple sources at various time points. Inevitably, some cases were not identified and some noncases were misclassified as cases. On the other hand, studies on Parkinson's disease based on self-report or medication data have made valuable contributions to the literature (21) (22) (23) (24) . To evaluate the potential effects of self-reported Parkinson's disease in this particular study, we assessed the relation between Parkinson's disease and smoking or caffeine intake, 2 factors known to be related to lower Parkinson's disease risk. As expected, results obtained were similar to those reported in previous investigations in which systematic approaches to identifying Parkinson's disease were applied (25, 26) . Although these findings indirectly support the validity of our study, a systematic strategy to identify and validate Parkinson's disease diagnoses is preferred. Because of the lack of information on date of diagnosis, we were unable to clearly differentiate incident from prevalent cases, nor to calculate Parkinson's disease incidence in the cohort. For the same reason, we used logistic regression but not proportional hazards modeling and therefore were not able to control for selective survival in the analysis. Finally, the small number of female and AfricanAmerican cases limited the power of statistical analyses; further large studies are needed to confirm these preliminary findings.
